Hypernucleus Production by A{p^pK^)\B Reactions 



Hantao Jing^'^, Pengnian Shen^'^'^'^, Huanching Chiang^'^ 
""^ Institute of High Energy Physics, Chinese Academy of Sciences, 
P.O.Box 918(4), Beijing 100049, P.R.China 
■^South-west University, Chongqing 400715, China 
^Department of Physics, Guangxi Normal University, Guihn 541004, China 
^Institute of Theoretical Physics, Chinese Academy of Sciences, P.O.Box 2735, P.R.China 
^Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator, 

Lanzhou 730000, P.R.China 
^Graduate School of the Chinese Academy of Sciences, Beijing 100049, P.R.China 

Abstract 

The A-hypernucleus production by A{p,pK^)/i^B reactions is investigated within the 
framework of the distorted wave impulse approximation(DWIA). The amplitude for the 
elementary process is evaluated in a fully covariant two-nucleon model based on the effec- 
tive Lagrangian. The reaction cross sections for A-hypernucleus productions on ^Li, ^"^C 
and ^^O targets are calculated. It is found that the distortion effects tend to reduce the 
cross sections by a factor of 3^10. Various differential cross sections (DCS) and double 
differential cross sections (DDCS) are presented. It is shown that for the sa— wave hy- 
pernucleus production, the DCS is decreased with increasing nuclear mass, and the DCS 
for the wave hypernucleus production is normally higher than that for the sa— wave 
hypernucleus production. As a reference, the DDCS with respect to the momenta of the 
outgoing proton and kaon is also demonstrated. Finally, the missing mass spectra of the 
inclusive reaction p -\- A ^ p + + X for ^Li, ^^C and ^^O targets are presented, from 
which the masses of hypernuclei can accurately be extracted. Thus, we conclude that the 
missing mass spectrum method is an alternative to study hypernuclear physics. And the 
study of hypernuclear physics can be carried out in COSY and CSR by the A{p^pK~^){^B 
reaction due to the /xb-order reaction cross sections. 
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1 Introduction 



There have been extensive advances in the field of hypernuclear physics. The conventional 
{K^ , 7r~) strangeness exchange reactions and the associated production reactions of hypernuclei 
induced by energetic pion, photon and anti-proton beams have been studied experimentally and 
theoretically in last 30 years[l][2l[3],|ll[5|,[6l[7]. In the strangeness exchange reaction, the strange 
quark is brought in by the kaon beam and subsequently transferred to the target to form a 
hypernucleus. By choosing the incident momentum of the kaon, the momentum transfer can 
be very small for small tt" angles in this reaction, which favors the formation of low spin states 
of the hypernucleus. The use of energetic pion beams for the hypernucleus production was first 
proposed by Dover, Ludeking and Walker [H [8] and further studied by Bando et al [9]. The 
associated {7r~^,K^) reaction, in which a pair of s and s quarks are produced, is endoergic, so 
the momentum transfer should be larger than the Fermi momentum for a pion momentum with 
which the two-body vr+n K^A cross section remains sizeable. The experimental studies of 
the {Tr~^,K~^) reactions at AGS and KEK clearly demonstrated the usefulness of this reaction 
for investigating the excitation of hypernuclei [6], [TOl [TT]. 

The hypernucleus can also be produced in p-A collisions. The possibility to produce hyper- 
nuclei in the {p, K^) reaction was firstly mentioned by Yamazaki[12j. The possible associated- 
production reactions for hypernuclei in p-A collisions include the following types [T3]. 

1) P+aZ ^ i^^Z + K+, 

2) p+aZ ^ l[Z-l)+p + K+, 

3) p+aZ K+ + X. 

(1) 

Reaction 1) is a process with a two-body final state and is more suitable for high-resolution 
studies. Theoretical studies of the A{p, K~^)xB reaction were performed for some nuclei. The 
exclusive meson production in a proton-nucleus collision, leading to a two-body final state, is 
investigated in a fully covariant two-nucleon model based on an effective Lagrangian picture [H]. 
However, due to the large momentum transfer occurred in the reaction, the reaction cross sec- 
tions are very small, which makes the experimental study very difficult. Reaction 3) is an 
inclusive process, where the outgoing is measured while the rest of the system in the final 
state X is unobserved. Some experiments for proton-induced-hypernucleus productions have 
been proposed in several laboratories [151 |16l[T7l[l8], but the experimental data and correspond- 
ing theoretical works are still sparse at this moment |19[ [201 12T| [22| [23] . The production of A 
hypernuclei was studied in the reaction of the proton with the nucleus, and the lifetimes of 
the produced heavy hypernuclei were measured by the observation of delayed fission using the 
recoil shadow methodfini dSl [HI at COSY. At the same time, the experimental study of the 
production and decay of hypernuclei in p-A collisions was also carried out at Dubna[18|. 

Reaction 2) is a hypernuclear production process with a three-body final state in the p-A 
collision. This reaction was suggested for producing hypernuclei 35 years ago by Fetisov[24j. 
By choosing the momenta of the outgoing proton and i^"'"-meson, one can transfer a smaller 
momentum to the A hyperon, which is favorable for the formation of the A-hypernucleus. In 
the early work of Fetisov, the cross section of this reaction was estimated in the framework 
of the plane-wave impulse approximation and the cross section of the elementary process was 
taken from the early experimental data. It was found that the cross sections of these reactions 
are measurable with modern experimental technique. 
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In recent years, with the development of experimental technologies and methods, the 
proton beam with a substantially larger intensity is available. It provides an opportunity to 
re-examine the hypernuclear production in the three-body-final-state p-A collision. In this pa- 
per, we investigate this reaction in the framework of the distorted-wave-impulse-approximation 
(DWIA). The elementary process p + p — » p + + A is calculated in a fully covariant 
two-nucleon model, where the effective Lagrangian, including contributions from the A^(1535), 
A^(1650), A^(1710) and A^(1720) excitations in the intermediate state, is employed. 

In section 2, the theoretical model for the A{p,pK~^)j>^B reaction is briefly illustrated. 
Calculated results and analysis for the A{p,pK'^)\B reaction are presented in section 3. In 
section 4 the concluding remarks are given . 



2 Theoretical model for A{p^pK^)p,B reactions 

The production reaction of the A-hypernucleus in the p-A collision can proceed via a one-step 
process pN — > K^AN or a two-step cascade process in which a pion or a A is created in the 
intermediate stage, namely pN nNN and vrA^ — K^A or pN AN and AA^ K^AN. 
However, it is commonly believed that the formation of the hypernucleus in the p-A collision 
is dominated by the one-step mechanism. Based on the one-step mechanism pp pK~^A, we 
study the A{p,pK~^)\B reaction in the framework of DWIA. In the reaction, we assume that 
the incoming proton interacts with one of the protons in the target and a N* resonance is 
excited and followed by its decays into a meson and a A particle. Then, by the flnal-state 
interaction (FSI) between the A and the residual nucleus, the A-hypernucleus is formed. The 
relevant Feynman diagrams for the A[p,pK~^)xB reaction are depicted in FiglH where FigslH^a) 
and (b) stand for the direct process in which the incident proton is excited into a A^* and for 
the exchange process which corresponds to the excitation of the target proton, respectively. 




Figure 1: Ferynman diagrams for pA pK^ p^B and pp — > pK^A reactions. The elliptic shaded 
areas represent the interactions in the incoming and outgoing channels. The rectangular shaded 
areas stands for nucleon resonances. 



In the framework of DWIA the transition matrix for the A{p,pK^)xB reaction can be 
written as 



($/(rW,fo,fi, ...,r4)|0(fj^,fo,fi,f2, ...,f4)|$i(n),^i, 



(2) 



with 

$i(fo,fi,...,r4) = xi^\Pp,ro)'^^{rl,■.■,rA), (3) 

<^f{fo,n,...,fA) ^ xi~\Pp',ro)XK\PK,rK)'^f{ri,---,rA), (4) 

where $i(fo,ri, ...jf^) and $/(rx,ro,ri, ...,r4) are the wave functions of the initial and final 
states, respectively, ^'^(ri, f^) and ^'/(ri, ta) denote the wave functions of the target 

nucleus and the hypernucleus, respectively. Xp^\Pp7 ^o), Xp' \Pp','^o) and Xk\Pk7 ^k) represent 
the distorted wave functions of the incoming proton, the outgoing proton and the outgoing 
meson, respectively. Pp is the relative momentum of the incoming proton in the proton-nucleus 
cm. system. Ppi and Pk are the momenta of the outgoing proton and meson, respectively. 
The transition operator O can be written as, 

z 

d{fK,fo,fi,f2,...,fA) = ^Voi{fo,fi,fK), (5) 

i=l 

where voi is the interaction for the production of a meson in the collision of the incoming 
proton with a proton inside the nucleus, which is related to the t-matrix of the pp — > pK~^A 
reaction in the impulse approximation. Z is the number of protons involved in the production 
process in the target nucleus. 

Because the range of the nucleon-nucleon interaction is short compared with the extension 
of the nuclear wave function, one may assume that the incoming proton interacts with one of 
the nucleons in the target while the rest of the nucleons remain unchanged, which is a usual way 
to separate a single nucleon wave function from the many-body system. Then, the transition 
T-matrix for the hypernucleus production reaction reads as 

j^pA^pK+^B ^ 2 . j,^,^p^^^ p^. . t^^^^^^^^ (6) 

where tpp^pAK+ stands for the t-matrix of the elementary K'^ production in p-p collisions and 

Ff,{Pp,, Pk; Pp) = J dVxi7^*{Pp',r)xP*{PK, r)$},M,T«M,^^J.M,T,M,,xi+H4, r) (7) 

stands for the transition form factor that takes into account the effects from the distorted 
waves of incoming and outgoing particles and the wave functions of the target nucleus and 
hypernucleus. For a simple target nucleus where n nucleons stay in the j-subshell, we write the 
wave function of the nucleus as 

^7.,M,,T,,M,Jj"(a)) = E < ^""'("0' Jo,Tomj^JATA \}r{a)JAMATAMTA > 

CIO, Jo, To 

^ XI ^JMa-Mo, Jo Mo'^y2Mr^^-MTo, ToMtq^J^ (^) 
Mo,MTg 

where< j"'^^{aQ, Jo,To){l)jJATA \}j"'{a)JAMATAMTA > is the fractional parentage coefficient 
(f.p.c). For the hypernucleus, we assume a weak coupling scheme, namely the A particle 
couples with a nuclear core to form a hypernuclear state, and express the wave function of the 
hypernucleus as 

^JhMhToMtq (i"~^(«o)) = X ^ifun-Mo, JoMo^JaMh-Mq^ JqMq, TqMtq (j"""^(ao))- (9) 

Mo 
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Subsequently, the transition form factor becomes 

Ff,,{Pp,,PK; Pp) =< r-\ao, Jo, T^){1)jJaTa \}r{a)JAMATAMT^ > 



X J d^rxl,^\Pp',r)xK'*iPK,r)(p*^M„-Aioi^<PjMA-Mo, i/2Mt^-Mt^^^^ (10) 

Moreover, as a very good approximation at higher energies [25| [26] , we adopt the eikonal ap- 
proximation to describe the distorted waves: 



Mo, Jo Mo'^1/2Mt^~Mt^, TohlT^^jAMn-Mo, JqMo 



X-)* 



(-)*, 



exp 



exp 



--^ p{b, Z + l^)dl 



(11) 

(12) 
(13) 



where ap and ax are the p — N and — N total cross sections, respectively, and p the density 
distribution of the target nucleus. 

The differential cross section of the A{p^pK^)jyB reaction with the initial nuclear state 
J A and the final hypernucleus state Jh can be written as 



da^{i)jJA,JH)^pj^ _^ pK+jyB) 



WiPp ■ Pa)' 



[nipmA 



Si Sf 



dh, (14) 



where dcj)^ is the differential three-body phase space. Si and Sf denote the spins of the initial and 
final states, respectively, Pp and Pa are the four momenta of the incoming proton and the target 
nucleus, respectively, and nip and uia are the masses of the proton and the nucleus, respectively. 
By integrating over relevant variables in Eg. (1141) . the measurable physical quantities, such as 
differential cross sections for the outgoing proton, kaon and hypernucleus, double differential 
cross sections, missing mass spectra of the reaction and etc., can be formulated. For example, 
the differential cross section and double differential cross section for the outgoing kaon can be 
written as 



da 



dn 



K 



EpEaErEp'Eh 

{2'Kf\Ppc^\s 



(15) 



da 



dPxdflx 



EpEa\Pk\''\Pp'\'' 1 



(16) 



where rripH is the invariant mass of the outgoing proton and hypernucleus; Ppcm and i/i are the 
incident cm. momentum and total energy; ^9 , can be written as 

d\Pp'\ 

dG \Pp'\ |Fp'| + |Fx|(sin6'p/ ■ sin6'A' ■ cos((y9p/ — y9i<:) + cos6'p/ ■ cos^i^) 



d\Pp 



Epi 



E 



H 



(17) 
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da 


f EpEaEh] 


\Pp'\ 


\Pk\ 


dPpdPK ~ J 


(27r)5| 


Ppcm 1 



Similar to the above derivations, we can obtain the single and double differential cross sections 
for the outgoing proton and hypernucleus, respectively. By integrating over all possible solid 
angles, we can further get double differential cross sections 

T.J2\Tjn7/''''\"d^p'd^P'K, (18) 

Si Sf 

where the ipp/R is the polar direction of Pk with respect to Ppi. On the other hand, if we 
define invariant missing mass as = (Fq + Pa — Pp — PrYi the missing mass spectra for the 
four-body-final-state reaction oi p + A ^ p + -|- A -|- i? will be given as, 

d^rJ I6{2.r\pp,^\s^pp,^ ^ ^ I dnp,d^p,^d^,dm,A>dm^,^A'dm^'AA. 

(19) 

where Pp'x = \Pp' + Pk\', is the polar direction of Pa with respect to Ppi + Pk', rn/<^A', ttt-p'ra' 
and mpi/<^A' are respectively invariant masses and defined as m\j^, = (Pa -|- Pa')"^, ttt-p'ka' — 
{Pp. + Pk + Pa'Y and mj,^^, = {Pp, + Pa + Pa'? ■ 

Finally, by summing up all the quantum numbers for considered initial states of the proton 
in the target and possible states of the hypernucleus, the total reaction cross sections can be 
obtained by 

a'"\p + A -> p + + aP) = a^W^-^^'-^^^p + A^p + K+ + aB). (20) 

{l)j,JH 



3 Numerical Results and Discussions 

We first discuss the t-matrix of the elementary process pp — pK^A which has been studied 
by many authors [271 I2H1 [291 130] within the framework of the meson exchange theory. For 
example, Tsushima et a/. [27] studied such a process by including the contributions from the 
A^*(1650), A^*(1710) and A^*(1720) in the resonant model. The resultant total cross sections 
well agree with the experimental data at high energies. In order to better describe the data in 
the threshold region, an additional sub-threshold A^*(1535) resonance was suggested by Liu et 
a/. [28]. It was found that the A^*(1535) — A — coupling is quite large and the contribution 
from iV*(1535) is very important for the cross sections of the pp pK^A reaction near the 
threshold. Based on these models, we re-calculate the amplitude of this elementary process by 
further considering the p — A final-state interaction (FSI) [22] • In the calculation, the effective 
Lagrangians are chosen as those in Refs. [28l [27] . The resultant total cross sections for the 
pp — > pK^A reaction are plotted together with the experimental data ^31j in FigjJl where the 
solid and dashed curves denote the results with and without the contributions of the A^*(1535) 
and the p — A FSI, respectively. It is shown that by taking the contribution from the A^*(1535) 
resonance and the p — A FSI into account, the experimental data can be well described in both 
the high energy and low energy regions. 

What we would like to know in this paper is that if concerned hypernuclei do exist, can we 
observe them in the p + A^ p + +\B reaction and accurately measure their mass spectrum 
for the study of the hyperon-nucleon (Y-N) interaction in future. For this purpose, we first 
employ a phenomenological A-nucleus potential to fit the masses of observed hypernuclei and 
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Figure 2: Total cross section of the pp — *■ pK^A reaction, s^^^ and Sq = itin + uia + 
are the invariant coUision energy and threshold energy, respectively. The experimental data 
are taken from Ref.|3T]. The solid and dashed curves denote the results with and without the 
contributions of A^*(1535) and pA FSI, respectively. 



obtain the bound state wave functions of the hypernuclei which will be studied in this paper. 
And then, with these wave functions, we calculate the measurable physical quantities to see if 
we can achieve our expectations. 

As discussed in last section, we assume that the A particle interacts with a nucleus core 
to form a hypernuclear state . The bound-state wave function of the A is obtained by solving 
the Schrodinger equation with a phenomenological A-nucleus potential|32j 



A-A\ 



1 _^ g(r-Ro)/a ' 



(21) 



where [/o=28MeV, Rq = (1.128 + 0.439yl~2/3)fm and a=0.54fm. The resultant binding energies 
of hypernuclei as well as the experimental data are tabulated in the second column in Table [TJ 



Table 1: The binding energies of A-hypernuclei. The corresponding experimental data are taken 
from[32l [33]. The ^A-state denoted the orbital angular momentum states of A-hyperon relative 
to core nucleus. 



Hypernucleus 
(^A-state) 


Binding Energy(MeV) 


solution of 
Schrodinger equation 


Exp. 


^ife(sA-state) 


6.06 


4.18 


(pA-state) 


11.03 
0.48 


11.37 


A^(sA-state) 
(pA-state) 


12.97 
2.51 


(13) 



Then, we calculate the reaction cross sections of a proton bombarding on ®Li,^^C and 
^^O targets. Same as that used in Refs.jSU [35]) for the light target nucleus, we use the simple 
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single-particle wave function of harmonic oscillator, (pi-^^mi, to describe target nucleons. For 
simplicity, we approximately take < j^~^{ao, Jo,To){l)jJATA \}j"'{c()JATA >= 1- 

The nuclear distortion effects in the initial and final states are considered by using the 
eikonal approximation. We use the form of the harmonic-oscillator density(HO) for the nuclear 
charge distribution, 

p(r)=po [l + aC-f]exp[-C-f] (22) 

with the parameters determined from electron scatterings [361 [37] . Again for simplicity, we 
assume that the distributions for protons and neutrons in nuclei are the same. The total cross 
sections of two-body interactions, ap and ax, are taken from the experimental data at the 
corresponding relative momenta of the incident proton and outgoing kaon with respect to the 
target and residual nucleus, respectively [3T]. 

It is worthy to mention that the differential reaction cross section is very sensitive to the 
form factor, and consequently to the momentum transfer, because the form factor is a function 
of the momentum transfer. When the momentum transfer increases, the form factor decreases 
rapidly. Thus, in order to reach a relatively large cross section for the hypernucleus production 
in the experiment, the energy of the incident proton should be limited in a range where the 
momentum transfer has the smallest value. In FigjS], we show the minimum momentum transfer 
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Figure 3: The minimum momentum transfers for reaction ^Li{p,pK^)\He, ^'^C{p,pK^)]^B 
and ^^0{p,pK+)fN. 

as a function of the kinetic energy of the incident proton for the reactions ^Li{p,pK~^)\He, 
^'^C{p,pK+)fB and ^^0{p,pK+)fN, respectively. We find that the minimum momentum 
transfer decreases with the increasing energy of the incident proton from the threshold of the 
reaction. When the kinetic energy of the proton is larger than 2 GeV, which is the available 
energy of the proton beam at COSY and the Cooling Storage Ring (CSR) at Lanzhou in China, 
the minimum momentum transfer becomes smaller than 300 — 400MeV/c. 

The calculated total cross sections(TCS) of the ^'^C{p,pK^ Y^B reaction in the framework 
of DWIA are presented in FigJH and compared with the results in PWIA. In the calculation, 
the nuclear density in the HO form is employed for the evaluation of the distortions. We find 
that the distortion effects tend to reduce the cross section significantly by a factor of 3 to 10, 
and this effect will be more pronounced as the target nucleus becomes heavier. 
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Tp [GeV] 

Figure 4: The total cross section of the ^'^C{p,pK^)]^B reaction as a function of the incident 
proton energy. The sohd and dashed curves represent the calculated results of TCS within the 
frameworks of PWIA and DWIA, respectively. 

In fact, we are not able to detect the hypernucleus directly in experiment. The commonly 
used method to confirm the production of the hypernucleus is to detect the other concomitant 
particles. In the A{p,pK~^)/^B reaction, it is feasible to detect the outgoing proton and kaon. 

The differential cross sections (DCS) in the cm. system for the ^Li, ^^C and ^^O target 
nuclei in DWIA are presented in FiglSl where diagrams (a), (b) and (c) denote the angular 
distributions for the outgoing proton, kaon and hypernucleus, respectively, and the kinetic 
energy of the incident proton, Tp, is 2.7GeV. From this figure, we find that the DCS for 




% [Deg] [Deg] [Deg] 



Figure 5: The differential cross sections in the cm. system for the ^Li, ^^C and ^^O target 
nuclei in the framework of DWIA. The kinetic energy of the incident proton, Tp, is 2.7GeV. 

the outgoing proton, as well as kaon, is larger at the forward angles, and for the resultant 
hypernucleus it is larger at the backward angles, because of the momentum conservation. For 
the same target, the DCS for the state with the pA-shell A is generally larger than that with the 
SA-shell A. This can be understood in the following way: Because the momentum transfer for 
the reaction A{p,pK~^)\B is still relatively large at Tp=2.7GeV, the produced A would obtain 
a larger momentum, and consequently a higher orbital angular momentum |38t Then, the 
contribution from the conversions of the jo-shell and s-shell nucleons to a pA-shell A is larger 
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than that from the conversion of the p-shell and s-shell nucleons to a SA-shell A. In the cases 
of ^Li, ^"^C and ^^O targets, the DCS of producing a SA-state hypernucleus is normally smaller 
for the heavier target (larger A) than the one for the lighter target. This is because that the 
magnitude of the wave function product $A$p becomes smaller with increasing nucleon number 
A. Thus, in the heavier target case, this factor, together with the distortion effect which is 
relatively larger in the heavier target case, would exceed the effect caused by the increased 
number of p-shell proton and make the DCS reduced. Moreover, for different targets, the DCS 
difference between the pA-shell hypernucleus production case and the SA-shell hypernucleus 
production case for the ^^O target is larger than that for the ^^C target. The reason for this 
phenomenon is that in the case of the SA-shell hj^ernucleus production, as mentioned above, 
the DCS in the ^^0{p, pK^Y^N reaction is suppressed in comparison the one in the ^^C(j9, 
pK^Y^B reaction. However, in the case of the pA-shell hypernucleus production, the magnitude 
of $A^p for the ^^0(p, pK^Y^N reaction is almost the same as that for the ^^C(p, pK^Y^B 
reaction, and the number of the ]3-shell proton in ^^O is larger than that in ^^C, so that the 
DCS for the pA-shell hypernucleus production in the ^®0(p, pK^Yk^ reaction is larger than 
that in the ^'^C{p, pK^Yh^ reaction. 

In Figini we show the dependance of the double differential cross sections (DDCS) on the 
outgoing proton momentum (a) and the outgoing kaon momentum (b), respectively. The results 
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Figure 6: The double differential cross sections versus (a) the momentum of the outgoing proton 
at the angle 6° and (b) the momentum of the outgoing kaon at the angle 6°, in the CM. system. 
The kinetic energy of incident proton is 2.7GeV. 

show that for each hypernuclear production case, the DDCS has a Gaussian-like distribution 
with respect to the momentum of the outgoing proton or kaon. This means that there exist a 
momentum range of outgoing proton and a momentum range of kaon, where we can find the 
concomitant particles proton and kaon. Furthermore, when the target becomes heavier, the 
maximum DDCS point moves slightly to the higher proton momentum and kaon momentum 
regions. This enable produced A has smaller momentum so that it can be bound on the core 
nucleus which has less recoil due to its heavier mass. For a clear vision, we also present the 
DDCS with respect to the momentum and angle of outgoing kaon, respectively, for the ^^C 
target in FigJTl 

Since the final state of the reaction is a three-body state, one can confirm the production 
of the hypernucleus by detecting the outgoing proton and kaon simultaneously. We demonstrate 
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Figure 7: The 3D-plot for DDCS with respect to the momentum and angle of outgoing kaon 
((a) and (b)), and proton ((c) and (d)), where (a) and (c) for SA-shell hypernucleus and (b) 
and (d) for p\-she\l hypernucleus. 

the DDCS distribution with respect to the momenta of the outgoing proton and kaon in FiglH] 
From this figure, we find that DDCS is distributed in a special range due to the three-body 
phase space factor, which would be a reference for the experiment. 

Furthermore, we study the mass and the formation signal of hypernucleus by analyzing 
the missing mass spectrum in the inclusive reaction p + A ^ p + + X. The invariant 
missing mass can be defined as m^. = (Fq + Pa — P — PrY- When the produced A can be 
bound on the core nucleus, namely the reaction A{p,pK~^)aB happens, the discrete peaks will 
appear in the missing mass spectrum. The invariant missing mass rux corresponding to the 
peak position will associate with the mass of the produced hypernuclear state. We calculate 
the missing mass spectrum with the angles of outgoing proton and kaon to be limited in the 
range of [0°, 12°] and plot the missing mass spectra for the ^Li{p,pK~^)\He, ^'^C{p,pK~^)]^B 
and ^^0{p,pK~^)]^N reactions in the left, middle and right diagrams of FiglHl respectively. In 
the abscissa of this figure, m^_i = — — Ebp, where m^, nip and are the mass of the 
target nucleus, the mass of the proton and the binding energy of the last proton in the target, 
respectively. One can see that each of the missing mass spectra contain two parts: discrete 
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Figure 8: The cm. double differential cross section distribution with respect to the momenta 
of the outgoing proton and kaon for the ^^C target nucleus in DWIA. The kinetic energy of 
incident proton is Tp=2.7GeV. 

lines and a continual curve. The discrete lines express that the A particle is in a bound state 
with the residual nucleus, namely the final state is a three-body state. The continual curve 
is due to the contribution from a four-body final state. In FigjQ], the dotted curve denotes 
four-body differential cross sections in each case. In the left diagram, the single discrete line at 
the left-handed side of the four-body DCS curve indicates that only one SA-wave hypernucleus 
state can be produced in the reaction with the ^Li target. In the middle and right diagrams, 
the double discrete lines at the left-handed side of the four-body DCS curve indicate that one 
SA-wave and one pA-wave hypernuclear states can be produced in the reaction with the ^^C and 
the ^^O targets, respectively. 

In the calculation of the missing mass spectra we use the calculated binding energies of 
the A tabulated in Tabl^Dto obtain the masses of the hypernuclei. On the other hand, from the 
measurement one can extract the masses of the produced hypernuclei. Therefore, if the missing 
mass spectrum can accurately be measured, not only the masses of the produced hypernuclear 
states can accurately be determined, but also the hypernuclear production mechanism and the 
detailed hyperon-nucleon interaction, and consequently the hyperon-nucleus interaction, can 
authentically be studied. 
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Figure 9: The missing mass spectra for tiie '^Li{p,pK^)\He, ^^C{p,pK^)]^B and 
^^0{p,pK'^)]^N reactions in DWIA at the kinetic energy of the incident proton Tp=2.7GeV. 
The angles of outgoing proton and kaon are hmited in the range of [0°, 12°]. 
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4 Conclusions 



We study the A{p,pK'^)A,B reactions with several target nuclei in PWIA and DWIA. The 
elementary process pp — > pK'^A is calculated in the resonance model in which the contributions 
from the exchanges of the tt, r] and p mesons, as well as those from the intermediate resonant 
states jV(1535), 7V(1650), iV(1710) and iV(1720), arc considered. Especially by additionally 
including the contribution from the A^(1535) state and the pA FSl, which provide a sizable 
effect, the total cross section data of the elementary process in the lower coUision energy region 
can be much better reproduced. 

In studying the A{p, pK^)\B reactions in DWIA, the distortion effects for incident proton 
and outgoing kaon arc obtained by the cikonal approximation. The A-nucleus wave function is 
calculated by solving the Schrodinger equation with a Woods-Saxon potential, with which the 
empirical binding energies of hypernuclei can be well reproduced. 

The reaction cross sections for the ^Li, ^"^C and ^^O targets are calculated. It is shown 
that the nuclear effects are important and can reduce the cross section by factor of 3 ~ 10. 
The partial wave differential cross sections are nuclear mass dependent. For the sa— wave hy- 
pernucleus production, the DCS is decreased with increasing nuclear mass, and the DCS for 
the Pa— wave hypernucleus production is normally higher than that for the sa— wave hyper- 
nucleus production. However, for the pa— wave hypernucleus production, the DCS might not 
be decreased with increasing nuclear mass, due to complicated factors, such as the number of 
the Sa— shell protons in the target, the magnitude of the product $A*^p, and etc.. The DDCS 
with respect to the momenta and the angles of the outgoing proton and kaon are presented, re- 
spectively. The three-dimensional plot for the DDCS with respect to the momenta of outgoing 
proton and kaon is also demonstrated as a experimental reference. It is noteworthy that the 
DDCS is distributed in a special range due to the three-body phase space factor. 

Finally, wc propose an alternative way to measure the masses of produced hypernuclei. 
That is the method of the missing mass spectrum. We present the missing mass spectrum of 
the inclusive process p-\- A ^ p-\- -\- X. Prom this spectrum, we can accurately extract the 
masses of the hypernuclear states, if they can be formed. As a consequence, we can authentically 
study the hypernuclear production mechanism and the detailed hyperon-nucleon interaction, 
and consequently the hyperon-nucleus interaction. 

As an conclusion, we believe that the reaction A{p,pK^)f^B is suitable for the hypernu- 
clear physics study. These reactions can be carried out in COSY and CSR due to the //b-order 
reaction cross sections. 
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